8680-8691 Nucleic Acids Research, 2013. Vol. 41, No. 18 
doi:10.1093/}mr/gkt614 



Published online 17 July 2013 



A competitive regulatory mechanism discriminates 
between juxtaposed splice sites and pri-miRNA 
structures 

Chiara Mattioli, Giulia Pianigiani and Franco Pagani* 

Human Molecular Genetics, International Centre for Genetic Engineering and Biotechnology, Padriciano 99, 
34149, Trieste, Italy 

Received April 10, 2013; Revised and Accepted June 21, 2013 



ABSTRACT 

We have explored the functional relationships 
between spliceosome and Microprocessor complex 
activities in a novel class of microRNAs (miRNAs), 
named Splice site Overlapping (SO) miRNAs, whose 
pri-miRNA hairpins overlap splice sites. We focused 
on the evolutionarily conserved SO miR-34b, and 
we identified two indispensable elements for recog- 
nition of its 3' splice site: a branch point located in the 
hairpin and a downstream purine-rich exonic splicing 
enhancer. In minigene systems, splicing inhibition 
owing to exonic splicing enhancer deletion or AG 
3'ss mutation increases miR-34b levels. Moreover, 
small interfering-mediated silencing of Drosha and/ 
or DGCR8 improves splicing efficiency and abolishes 
miR-34b production. Thus, the processing of this 3' 
SO miRNA is regulated in an antagonistic manner by 
the Microprocessor and the spliceosome owing to 
competition between these two machineries for the 
nascent transcript. We propose that this novel mech- 
anism is commonly used to regulate the relative 
amount of SO miRNA and messenger RNA 
produced from primary transcripts. 

INTRODUCTION 

MicroRNAs (miRNAs) are 21-23-nt long non-coding 
RNAs that regulate gene expression by affecting transla- 
tion and/or stability of messenger RNA (mRNAs) (1). 
Embedded in coding or non-coding genes, the hairpin sec- 
ondary structure of primary (pri)-miRNAs is initially 
cropped in the nucleus by Drosha, an RNase Ill-like 
enzyme that is part of the Microprocessor Complex 
(MPC), along with its cofactor DGCR8 (2). The resulting 
precursor (pre)-miRNA is ~70 nt long and is exported to 
the cytoplasm where it is cleaved by Dicer to obtain the 



final mature form. On the nascent transcript, the MPC- 
dependent processing of the pri-miRNA hairpin is an im- 
portant and early regulatory event involved in miRNA 
biogenesis. Indeed, several proteins interfere with the 
activity of the MPC, including RNA-binding proteins 
that either affect components of the MPC (3,4) or 
directly interact with the pri-miRNA hairpins (5-8). 

The splicing reaction allows the maturation of a precur- 
sor (pre)-mRNA through the joining of the exonic se- 
quences and the excision of the introns; to correctly 
identify exons, the spUcing machinery recognizes the 
core cw-acting elements (9,10) that consist of the 5' and 
3' splice sites (ss) and include the polypyrimidine tract and 
the branch point (BP) near the 3'ss. Recognition of the 
exon requires also splicing regulatory elements that are 
classified, depending on their location and effect on 
splicing, as exonic/intronic splicing enhancer and exonic/ 
intronic splicing silencers (9,10). These elements are 
crucial for alternative splicing regulation, a mechanism 
present in the majority of human genes that enormously 
increase the transcript diversity through the selection of 
alternative splice sites (9). The exonic elements are 
composed of largely degenerated poorly conserved se- 
quences and interact with splicing factors that may have 
a positive (serine/arginine-rich (SR) proteins) or a negative 
heterogeneous nuclear ribonucleoproteins (hnRNPs) 
effect on exon recognition (11). 

Several polymerase II (Polll) precursor transcripts are 
processed co-transcriptionally by the spliceosome and the 
MPC into sphced mRNAs and miRNAs, respectively. In 
the case of intronic miRNA hairpins, which represent 
almost half of miRNAs (12), Drosha cleavage occurs 
before splicing and does not significantly affect the 
amount of mRNA (12,13). On the other hand, intronic 
pri-miRNA hairpins, both in coding or non-coding tran- 
scripts, are preferentially located at a distance from splice 
sites to avoid possible interference between the two pro- 
cessing machineries (12,13). Experiments using minigenes 
and in vivo analysis indicate that Drosha cleavage 
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at intronic pri-miRNAs can both increase (12,14) and 
decrease (13,15) the splicing efficiency. pri-miRNA pro- 
cessing is more efficient if hairpins are retained at the 
sites of transcription (16), and, in some constructs, 
splicing disruption of both the 5'ss and 3'ss was found 
to affect miRNA biosynthesis (13). However, for the 
intronic miR-211, only mutations at the 5'ss were 
reported to reduce the biogenesis of the miRNA. 

miR-34b, along with the related miR-34a and miR-34c, 
is involved in several physiological and pathological con- 
ditions. Originally identified as a tumour suppressor 
miRNA (17-19), miR-34b is involved in osteoblast prohf- 
eration (20,21), pathological cardiac remodelhng (22) and 
Huntington and Parkinson diseases (23,24). miR-34b and 
miR-34c are part of the same non-coding transcriptional 
unit on chrll, possibly regulated by a p53-responsive 
promoter (25). The transcriptional unit is composed of 
two exons separated by a ~2kb long intron. miR-34c is 
part of the last exon, whereas miR-34b is unexpectedly 
located on the boundary between intron 1 and exon 2. 

In this study, we have identified a pecuhar class of 
niiRNAs, including miR-34b, whose hairpins overlap 
with splice sites and whose biogenesis is regulated by 
splicing. We have named these Splice site Overlapping 
(SO)-miRNAs. SO miR-34b overlaps with a non-canon- 
ical 3'ss, whose recognition depends on a strong BP and a 
purine-rich exonic splicing enhancer (ESE). Splicing inhib- 
ition by mutation of the 3'ss or the ESE, but not the 5'ss, 
increases niiR-34b biosynthesis, whereas reduction of the 
Drosha/DGCR8 levels by RNAi knock-down increases 
splicing efficiency. 

MATERIALS AND METHODS 

Cell culture, transfections and reverse transcription-PCR 
analysis 

HeLa cell culture and transfection, RNA extraction, 
reverse transcription (RT)-PCR and quantification of the 
percentage of splicing were performed as previously 
described (26). For the analysis of spliced isoforms, 
pBRA 34b minigenes were amplified with BRC90BsteII 
for (ctggtgaccaagtttgccagaaaacaccacatcactttaactaatc) and 
gloSOO rev (gctcacagaagccaggaacttgtccagg); pcDNA3pY7 
miR-34b constructs were amplified with pY7 ex2 dir 
(tacaaggcttgtcgaggaggacatc) and miR34b_2505Xbal rev 
(tatctagaccacgccgacgccgcgct). For co-transfection experi- 
ments, HeLa cells were transfected with 500 ng of the 
minigene construct together with 500 ng of an empty 
vector or vectors containing the proteins of interest. 

Detection of spliced and unspliced niiR-34b transcripts 
in mouse and human tissues 

The human total RNA of 20 tissues was purchased from 
Amsbio, whereas the mouse one was extracted from 
tissues using TriReagent (Ambion) according to manufac- 
turer's instructions. 

The primers used for the RT-PCRs performed to detect 
the spliced and unspliced isoforms of human miR-34b 
transcripts were as follows: 34b_131 for (agtaggcaatg- 
catcttcatgac) and 34b_521 rev (ccttcgagagaagatgcctg) for 



the splicing form and 34b_233 for (cttttcaaggcatctgaccc) 
and 34b_435 rev (aatagtcttcattccattaaca) for the unspliced 
one. For the mouse spliced isoform, we used 
mmu_34b_4299 for and nimu_34b_6598 rev (CAATGA 
TAGCTTTGGATGGAAGC), and for the unspliced 
variant, we used mmu_34b_6397 for (agtagtagaaa- 
tagcctccatcc) and mmu_34b_6609 rev (GACAGTTTAT 
GCAATGATAGCT). For the control GAPDH gene, 
we used GAPDH for (gacagtcagccgcatcttct) and 
GAPDH rev (ttaaaagcagccctggtgac). 

Quantitative RT-PCR 

Quantitative (q)RT-PCR to detect the abundance of 
mouse and human mature miRNAs was performed 
using the TaqMan® Assay (Apphed Biosystems). Both 
RT and PGR were performed according to manufacturer 
instructions. 

Minigene design 

To clone the hairpin structure of miR-34b and its flanking 
portions (18 bp upstream and 97 bp downstream), we 
amplified the region of interest by PGR from human 
genomic DNA. To clone in the pBRA plasmid (27), 
we used the following set of primers: miR-34b_2310 Xba 
for (tatctagacagccgcgggtgcccggtgc) and miR34b_2505 Pst 
rev (tactgcagccacgccgacgccgcgct). To clone the same 
region in the pcDNA3pY7 construct (28), we used the 
foUowing ohgonucleotides: miR-34b_2310 Xho for 
(tatactcgagccgcgggtgcccggtgct) and miR34b_2505Xba rev 
(tatctagaccacgccgacgccgcgct). To generate the mutated 
constructs, we amphfied the sequence of interest with 
mutated primers built either for direct or overlapping 
PGR according to the position of the mutation. 

Small interfering transfection and western blot 

SmaU interfering (siRNA) transfections were performed in 
HeLa ceUs using Oligofectamine Reagent (Invitrogen) as 
previously described (26). The sense strand of RNAi 
ohgos (Dharmacon) that were used to silence the target 
genes are as follows: cgaguaggcuucgugacuu (siDrosha) 
and caucggacaagagugugau (siDGCR8). The siLuc was 
the siCONTROL Non-Targeting siRNA #2 from 
Dharmacon. To check for protein silencing, western blot 
was performed with the foUowing antibodies: antiDGS8 
(N-19) from Santa Cruz Biotechnologies, antiDrosha 
(ab 12286) from Abeam and antiTubuhn antibody kindly 
provided by Dr Muro. 

Northern blot for small RNAs 

To perform northern blot for small RNA, we followed 
an already described procedure (29). Briefly, we loaded 
30 ng of total RNA on a 13.5% (19:1) acrylamide/ 
bisacrylamide, 5M urea and a denaturing gel. After the 
run, we performed semi-dry transfer for 1 h at 2 niA/cm^ 
and ultraviolet-cross-linking of the membrane with 
1200 |.iJ. We used probes against miR-34b (atggcagtg- 
gagttagtgattg) and U6 snRNA (atatggaacgcttcacgaatt). 
We radiolabelled lOpmol of the probe with y-^'^P ATP 
in the presence of T4 Kinase for 1 h at 37°C. Probe 
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hybridization was performed at 37°C for 2h (U6snRNA) 
or O/N (miR-34b). 

Bioinformatics analysis and manual annotation of SO 
pri-miRNAs 

The algorithm was designed by Dennis Prickett at CBM, 
Trieste, Italy. We downloaded the coordinates of human 
miRNAs (www.mirbase.org) and the coordinates of the 
spliced expressed sequence tags (ESTs, http://genome. 
uscs.edu/). The algorithm was designed to compare the 
position of the 5' and 3' ss of the ESTs with the position 
of 5' and 3' ends of the miRNAs. When the distance was 
< 100 bp, the miRNA of interest was printed. Then, 
through manual annotation, we selected the pri-miRNA 
hairpins overlapping with splice sites. Donor and acceptor 
splice site scores were calculated using the Neural 
Network method available at http://fruitfly.org/seq_ 
tools/splice. html. 

RESULTS 

Identification of SO pri-miRNAs 

To identify pri-miRNAs that overlap with splice sites, we 
compared the human annotated pri-miRNA hairpin co- 
ordinates (from www.mirbase.org) with the position of the 
splice sites derived from the analysis of the spliced ex- 
pressed sequence tags (ESTs; extracted from http:// 
genome.uscs.edu/). This analysis, followed by a careful 
manual annotation to exclude inappropriate intron-exon 
junctions, identified a group of pri-niiRNAs whose pre- 
dicted hairpins contain a possible splice site. We found 17 
pri-miRNA hairpins overlapping with splice sites that ac- 
cordingly were named SO pri-miRNAs. Eleven SO pri- 
miRNAs contain a 3'ss, six a 5'ss and eight are evolution- 
arily conserved among vertebrates (Table 1). Most are 
located within protein-coding genes, three belong to 
non-coding transcripts, and two derive from putative 
open reading frames (ORFs). The splice sites in the 
hairpins can be located at the base of the hairpin, near 
the junction between the single-stranded (ss)RNA and the 
double-stranded (ds)RNA, or in the stems, but none is in 
the terminal loop. The analysis of the spHce site strength, 
evaluated with a neural network program, showed that 
most of the splice sites have a good score, but three 3'ss 
(miR-34b, miR-205 and miR-133a-2) were completely 
ignored (Table 1). These three non-canonical acceptor 
sites lack an obvious polypyrimidine tract. Interestingly, 
these miRNAs are implicated in several physio-patho- 
logical conditions, and downstream targets mRNAs 
have been identified (30,35,39). 

The non-canonical 3'ss of SO pri-miR-34b is correctly 
used in vivo and in minigene systems 

To investigate the dependence of splicing on these pecuhar 
3'ss that lack a polypyrimidine tract and are embedded in 
a pri-miRNA hairpin, we focused on pri-miR-34b. pri- 
miR-34b is part of a non-coding transcript composed of 
two exons and is located on the distal junction be- 
tween intron 1 and exon 2 (Supplementary Figure SI). 



Interestingly, evolutionarily conserved sequences are 
present at the promoter, at the splice sites, at the pri- 
miRNAs and at the polyadenylation site (Supplementary 
Figure SI). The predicted miR-34b hairpin has a typical 
conserved pri-miRNA secondary structure with three 
stems (stems A, B and C) and a terminal loop 
(Figure 1). The AG dinucleotide of the 3'ss is located at 
the end of the pri-miRNA structure in stem A, four nu- 
cleotides above the ssRNA-dsRNA junction (Figure 1). 
To understand whether the non-canonical acceptor site is 
effectively used in vivo, we amplified the transcript in a 
panel of normal human and mouse RNAs with primers 
located on the exons. The results shown in Figure 2a and 
Supplementary Figure S2 indicate the presence of the 
spliced isoform in several human and mouse tissues, and 
direct sequencing of the bands revealed correct usage of 
the acceptor site. To understand the role of splicing on 
miR-34b biosynthesis, we evaluated spliced and unspliced 
transcripts along with miR-34b abundance in human 
tissues. In the commercial panel of human total RNAs 
(Amsbio), miR-34b is significantly expressed in cervix, 
ovary, trachea, testes and lung (Figure 2b). Interestingly, 
the relative amount of spliced and unspliced transcripts 
showed some tissue-specific differences. For example, the 
spliced and unspliced transcripts are evident in trachea 
and lung, but the unspliced form is the only product ex- 
pressed in testes (Figure 2a). Quantitative RT-PCR 
analysis of the human tissues confirmed this tissue-specific 
distribution (Supplementary Figure S3). In addition, we 
observed high levels of the unspliced form also in mouse 
testes, suggesting that in this tissue production of miR-34b 
is evolutionarily linked to inefficient intron splicing 
(Supplementary Figure S2). All together, these data 
suggest that in some tissues, changes in splicing efficiency 
might contribute to miR-34b biosynthesis. 

To evaluate in more detail how this non-canonical 3'ss 
is recognized and to identify the minimal sequences 
required for splicing, we inserted the human pri-miR-34b 
hairpin structure along with the flanking sequences ( 1 8 nt 
upstream and 97 nt downstream of the ssRNA-dsRNA 
junctions) in two minigene contexts (Figure 2c): the 
pcDNA3pY7 minigene (28) in which the 3'ss is before 
the terminal exon and the pBRA (27) where the 3'ss is 
part of an alternatively spliced exon. In both minigenes, 
transfection and RT-PCR analysis in HeLa cells showed 
correct selection of the acceptor site. In particular, 
pcDNA3pY7 miR-34b showed two transcripts: the 
shorter corresponds to splicing of the intron, whereas 
the longer corresponds to intron retention. In pBRA 
miR-34b minigene, the upper and the lower bands corres- 
pond to exon inclusion and skipping, respectively 
(Figure 2c). In pcDNA3pY7, miR-34b splicing efficiency 
was ~86%, whereas in pBRA, it was ~30%. Thus, these 
two minigenes are suitable systems to explore the splicing 
regulation of this SO pri-miRNA. 

Splicing of SO miR-34b requires a BP sequence and a 
downstream purine-rich ESE 

To identify the splicing regulatory elements involved in 
recognition of the non-canonical SO pri-miR-34b, we 
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Table 1. Splice site Overlapping miRNAs 
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performed mutagenesis experiments in the context of the 
pcDNA3pY7 miR-34b minigene. To evaluate the import- 
ance of the AG dinucleotide of the 3'ss, we mutated it to 
CG, and this activated a 4 bp downstream cryptic acceptor 
site, located outside the hairpin (3'ss mut 1 in Figure 3a). 
Mutation of both natural and cryptic sites (3'ss mut 2 in 
Figure 3a) completely abolished splicing. The disruption 
of the 5'ss also resulted in complete spHcing inhibition, as 
expected (Figure 3a). To identify the splicing regulatory 
sequences in the SO pri-miR-34b and explore the possible 
contribution of the hairpin secondary structure, we per- 
formed selective consecutive 5-14-nt long deletions 
(Figure 3b). Deletions were designed to eliminate the com- 
plementary sequences that form the three A, B and C 
stems of the pri-miRNA secondary structure. Sphcing 
analysis showed that the mutants of the left part of the 
hairpin, either alone (AAl, ABl and ACl) or combined 
(AAl+Bl+Cl), did not affect splicing (Figure 3b). The 
AB2 mutant had only a minor effect. On the contrary, 
deletion of the 14 bp long C2 (dC2, Figure 3b) or 
exchange between C2 and CI (ClfC2, Figure 3c) signifi- 
cantly reduced the splicing efficiency, with only 15% of the 
intron excised. Fine mapping of the C2 element (Figure 
3c) showed that the effect on splicing depends on the C2b 
portion that affects the 'CACTAAC sequence. It perfectly 
matches the consensus for BP (YNYURAC, BP 
underlined) and is also located 1 8 bp upstream of the 
3'ss, in accordance with the optimal conserved distance 
of BP in acceptor sites (40). Substitution of the three A 
with G (3A>G) or mutation of the critical T (41) (T>G 
and T>A) located upstream the A of the BP inhibited 
splicing (Figure 3d), strongly suggesting that this BP is 
critical for the processing of the pri-miR-34b transcript. 

To identify additional splicing regulatory elements, we 
focused on downstream exonic sequences. In several cases, 
exonic regulatory sequences act on alternative splicing 



regulating the 3' ss recognition (42,43). We prepared 
minigenes with progressive deletions of the exonic se- 
quences. Minigenes 2482, 2469, 2457 and 2436 (Figure 
4) contain progressive deletions of 23, 36, 48 and 69 bp 
of the exon, respectively. Deletion of the last 23 nt of the 
exon (mutant 2482) reduced the splicing efficiency to 38%, 
whereas further deletions completely abohshed splicing 
(mutants 2469, 2457 and 2436; Figure 4). To map the 
regulatory element involved, we made internal 25 bp dele- 
tions (Figure 4), and the results showed that the sequence 
deleted in mutant A2457-2482 was sufficient to abohsh 
splicing. This region contains a 9 bp purine-rich GAGA 
GAAGA sequence, and substitution of the four adenines 
into pyrimidines induced nearly complete intron retention 
(ESEmut, Figure 4). 

All together, the experiments with the minigenes 
indicate that splicing of the non-canonical SO pri-miR- 
34b acceptor site requires an intronic BP located in the 
hairpin and a downstream purine-rich ESE. In addition, 
the absence of any effect on splicing of the combined 
AAl+Bl+Cl deletion (Figure 3b) and the results 
obtained with the flip mutants (Figure 3c and d) indicate 
that the noimal secondary structure of the SO pri-miR- 
34b is not required for the selection of the acceptor site. 

Splicing of SO pri-miR-34b influences miRNA 
biosynthesis 

To explore the effect of splicing on miRNA biosynthesis, 
we analysed the miR-34b derived from processing of the 
pcDNA3pY7 miR-34b minigenes. We evaluated the wild- 
type construct, 3'ss mut 1 and 3'ss mut 2 that directly 
affect the AG dinucleotide (Figure 3a), the 5'ss mutant 
(Figure 3a) and the ESEmut minigene (Figure 4). In com- 
parison with the wild-type, the amount of mature miR- 
34b was significantly increased by the mutants that affect 
3'ss splicing efficiency (Figure 5). In particular, 3'ss mut I, 
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5' — g - C — 3' 

Figure 1. Secondary structure of SO niiR-34b hairpin. The secondary 
structure of SO miR-34b hairpin has been calculated through the 
mfold web server (http://mfold.rna.albany.edu/7q = mfold/RNA-Fold 
ing-Form) with standard parameters. The three stems, named A, B 
and C, the mature form of miR-34b and the AG dinucleotide of the 
3'ss are indicated. Lower and upper cases indicate the intronic and 
exonic sequences, respectively. 



which reduced the splicing efficiency to ~50%, was 
associated with a ~ 1.6-fold increase in miR-34b 
(Figure 5), whereas the 3'ss mut 2 and the ESEmut, 
which completely aboUshed splicing, produced ~4-fold 
more miR-34b (Figure 5). On the other hand, splicing in- 
hibition caused by mutation of the 5'ss only slightly 
reduced the amount of miR-34b (Figure 5). This 
decrease can be due to the facihtating effect of 
UlsnRNP on Drosha processing, as recently suggested 
(14). In northern blot analysis, we did not observe any 
band corresponding to the pre-miRNA intermediate 
derived from transfection of normal or mutant minigenes. 
This may indicate that processing of the pre-miRNA by 
Dicer is efficient and is not a rate-limiting step for its mat- 
uration. In addition, we can exclude that the mutants 
affect miRNA abundance through Dicer-dependent pre- 
miRNA processing. 

Silencing of the MPC proteins Drosha and DGCR8 
improves SO miR-34b splicing efficiency 

As splicing inhibition increases miR-34b biosynthesis, we 
decided to evaluate whether the MPC-dependent pri- 
miRNA processing affects the splicing efficiency. To this 
aim, we silenced Drosha and DGCR8 in HeLa cells that 
do not express miR-34b, followed by the evaluation of the 
splicing pattern of transfected minigenes (Figure 6). 
Western blotting showed almost complete silencing of 
Drosha and DGCR8 in HeLa cells (Figure 6a and b, 
lower panels) and a significant reduction of the control 
endogenous miR-26b (Figure 6c). 

As the wild-type minigene is nearly completely spliced 
(pcDNA3pY7 miR-34b) and thus not suitable to appreci- 
ate further splicing improvement, we tested Drosha and 
DGCR8 silencing in pcDNA3pY7 miR-34b 2482 
and pBRA miR-34b minigenes. In these two contexts, 
~30^0% of transcripts are spliced in normal conditions 
(see Figures 4 and 2c, respectively). In pcDNA3pY7 miR- 
34b 2482, silencing of Drosha and DGCR8 either alone or 
in combination increased the percentage of splicing from 
38 to ~70% (Figure 6a). Similarly, in the pBRA miR-34b, 
splicing efficiency increased, raising exon inclusion from 
30 to ~50% (upper band of Figure 6b). On the control 
pBRAT6 minigene, which does not have the hairpin, 
we did not observe changes in the splicing pattern 
(Figure 6d). In addition, we found that Drosha 
and DGCR8 silencing reduced miR-34b biosynthesis 
derived from co-transfection of pcDNA3pY7 miR-34b 
(Figure 6c). As mirtrons (44,45) or 3'-tailed mirtrons 
(46) do not require the MPC, our results exclude the in- 
volvement of these non-canonical pathways in miR-34b 
biosynthesis. 

On the other hand, overexpression of Drosha and 
DGCR8 in co-transfection experiments reduced the 
splicing efficiency both in pcDNA3pY7 miR-34b 
(Supplementary Figure S4a) and pBRA miR-34b 
(Supplementary Figure S4b) and had no effect on the 
control pBRA minigene (not shown). Thus, the MPC- 
dependent pri-miRNA processing interferes with 
spliceosome and affects the splicing efficiency of SO 
pri-miR-34b. 
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Figure 2. SO pri-miR-34b transcript is spliced in vivo and in minigene systems, (a) RT-PCR profile of miR-34b transcript in 20 human tissues. The 
upper panels show amplification of the spliced and unspliced transcripts, the lower one amplification of the control gene GAPDH. The identity of the 
bands was verified through direct sequencing, and quantitative analysis by qRT-PCR is provided in Supplementary Figure S3, (b) qRT-PCR analysis 
of the mature miR-34b in the different human tissues. Values are normalized for the GAPDH gene. miR-34b abundance in brain is set to 1. (c) 
Schematic representation of the minigene systems: on the left, pcDNA3pY7 miR-34b and on the right pBRA miR-34b. Thin lines represent introns 
and miR-34b hairpin. Boxes indicate exons, and, in particular, the light grey box is exon2 of miR-34b. Arrows indicate primers used for PGR 
analysis. On the bottom, the splicing profile of the two systems after transfection in HeLa cells. The identity of the bands is depicted on the right and 
was verified through direct sequencing. The numbers under the panel indicate the percentage of splicing (for pcDNA3pY7 miR-34b) or exon 
inclusion (pBRA miR-34b) ± SD. 
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Figure 3. Splicing of SO miR-34b requires the AG dinucleotide and a BP sequence, (a) Splicing pattern of pcDNA3pY7 miR-34b mutants that affect 
the 3'ss and 5'ss after transfection in HeLa cells. Thin lines and boxes represent introns and exons, respectively. The position of miR-34b hairpin is 
indicated. Splice site mutants are crossed. Lower and upper cases identify intronic and exonic sequences, respectively, and mutated nucleotides are in 
bold. The results of splice site selection are indicated on the right of each minigene (underlined AG), (b) The deletion mutants of pri-miR-34b hairpin 
are schematically depicted above each lane. The lower panel shows the splicing pattern of the mutant plasmids after transfection in HeLa cells, (c) 
Splicing profile of mutants of the C stem of pri-miR-34b. The left and right arms of the C stem are twisted, as indicated in the scheme, (d) Scheme of 
the BP inutants. Mutants of the left and right arms of miR-34b hairpin are indicated above the pictures. The lower panel indicates the splicing 
pattern after transfection in HeLa cells. The numbers under each panel indicate the percentage of splicing expressed as mean ± SD of at least three 
independent experiments. 



DISCUSSION 

SO miRNAs are a novel class of miRNAs, characterized 
by the presence of overlapping pri-miRNA hairpins and 
splice sites on the nascent transcripts. In SO miR-34b, 
whose hairpin includes an acceptor site, we have shown 
that mutations that reduce the 3'ss splicing efficiency 
increase the mature miRNA form. Conversely, reduction 
of the Drosha/DGCR8 levels by RNAi knock-down 
iiTiproves splicing efficiency, whereas their overexpression 
reduces splicing. Thus, in the non-coding SO miR-34b and 
possibly in the other SO miRNAs, miRNA biosynthesis 
and production of mature mRNAs are regulated by the 
competition between the MPC and the spliceosome, owing 
to the overlap between pri-iniRNA hairpins and splice 
sites. This competition represents a novel mechanism to 
regulate the level of miRNA biosynthesis through control 
of pre-mRNA processing. 

The biosynthesis of miRNAs can be affected at the level 
of pri-miRNA processing through changes in the effi- 
ciency of MPC-dependent cropping of the nascent 



transcript (47). Some of the factors that affect cropping, 
such as Ars2 (3) or FUS (4), lack specificity, as they 
interact directly with component of the MPC to affect 
the biosynthesis of multiple miRNAs (4). In soine cases, 
RNA-binding proteins that directly interact with the 
teminal loop sequence of the pri-miRNA hairpin 
regulate cropping of miRNAs. For example, LIN-28, 
SF2/ASF and hnRNPAl bind to the terminal loop of 
pri-let-7, pri-miR-18a and pri-miR7, respectively, and 
affect their processing either acting on the MPC or 
through changes in the RNA secondary structure (5-7). 
In SO pri-iTiiRNAs, where the splice sites overlap with the 
hairpins, changes in the splicing efficiency represent a 
novel system to directly regulate miRNA biosynthesis. 
In SO miR-34b, two elements are indispensable for 
splicing: a consensus BP located in the hairpin and a 
purine-rich ESE. The interaction of the ESE with RNA- 
binding protein(s) is the most likely inechanism that 
regulates splicing of SO miR-34b and consequently its 
biosynthesis. This ESE contains putative binding sites 
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Figure 4. Splicing of SO miR-34b requires a purine-rich ESE. Schematic representation of the pcDNA3pY7 miR-34b mutants of the exon. The 
hnes and black box correspond to the intronic miR-34b hairpin and exonic sequences, respectively. The mutated nucleotides of ESEmut are 
indicated. Lower panel shows the splicing pattern of pcDNA3pY7 miR-34b exonic mutants after transfection in HeLa cells. The identity of the 
bands is depicted on the right. Numbers below the panel indicate the percentage of splicing expressed as mean±SD of at least three independent 
experiments. 



for SF2/ASF (SF2) and Tra2beta (SFRSIO), but neither 
their overexpression nor silencing affected SO miR-34b 
sphcing (data not shown), suggesting that other sphcing 
factors are involved. Additional experiments are required 
to identify the mechanism of ESE function and character- 
ize the regulatory splicing factors that specifically affect 
miR-34b and the other SO miRNAs. 

Most of the pre-mRNA processing events occur co- 
transcriptionally and are functionally coupled through 
the carboxyl-terminal domain of PoUl (48,49), but the 
precise relationship between splicing and pri-miRNA 
cropping is not completely understood. In vivo, MPC-de- 
pendent cropping of pri-niiRNA hairpins located inside 
introns has been reported to facilitate (12,14) or inhibit 



(13) splicing. On the other hand, spliceosome assembly 
was shown to promote cropping (14,16). However, 
splicing inhibition due to mutations that specifically 
affect the 5'ss results in a negative effect on production 
of miRNAs (12,14). The effect of the 5'ss mutation on the 
production of miR-34b that we observed here is not 
totally unexpected and consistent with a positive effect 
of the donor site and Ul snRNP on the MFC, as 
recently reported (12,14). In this case, a functional 
donor site, but not the 3'ss, has been shown to be 
critical for the biosynthesis of the intronic mir-211. 
Mutations of the 5'ss reduced the production of this 
miRNA and Drosha recruitment to the miRNA 
locus (14). Furthermore, intronic plant miRNAs also 
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Figure 5. Splicing of SO pri-miR-34b affects miRNA biosyntliesis. Northern blot analysis of miR-34b and U6 snRNA. The analysis was performed 
on the AG dinucleotide mutants, on the 5'ss mutant described in Figure 3 (3'ss mut 1, 3'ss mut 2 and 5'ss mut) and on the mutant of the ESE shown 
in Figure 4 (ESE mut). Histograms show the fold increase of mature miR-34b normalized to U6. The abundance of miR-34b in the wild-type 
construct is set to 1. 



require a conserved 5'ss for their optimal expression (50). 
Consistent with the proposed enhancing effect of 
UlsnRNP on the MPC activity (12,14), we also 
observed that the disruption of the 5'ss reduces the 
amount of mature miR-34b (Figure 5), in contrast to the 
mutations that affect splicing of the 3'ss. However, as 
UlsnRNP binding to the first exon can facihtate PolII 
initiation (51), we cannot exclude a direct effect of the 
5'ss mutation on transcription or stability of the nascent 
transcript. According to Morlando et al. (12), the positive 
effect on splicing of the MPC is mediated by the carboxyl- 
terminal domain of the PolII through a tethering mechan- 
ism that maintains exonic sequences in place during tran- 
scription, whereas cropped intronic fragments are 
degraded by exonucleases (52). However, in vitro, the 
two machineries can compete on preformed transcripts 
(15). In the case of SO miR-34b, and possibly for the 
other SO miRNAs, when the pri-miRNA hairpins 
overlap with a spUce site, the MPC and the spliceosome 
act in a mutually exclusive manner to cleave the precursor 
transcript. The relative proportion of nascent transcripts 
that are either spliced or cropped in vivo is difficult to 
assess and might depend on individual SO miRNA 
features. The analysis of miR-34b in normal human 
tissues suggests that the spliceosome processes most of 
the nascent transcripts, as we did not observe a strict re- 
ciprocal relationship between the miRNA levels and the 
amount of spliced RNA. The regulated competition 
between sphcing and the MPC probably affects only a 
fraction of transcripts in normal conditions, and this 
explains why in some tissues the levels of mature miR- 
34b do not correlate with the corresponding amount 
of spliced transcript (Figure 2a and b). In this case. 



tissue-specific changes in the splicing efficiency might 
regulate the competition between the spliceosome and 
the MPC. Interestingly, several pri-miRNA hairpins do 
not overlap but are in the proximity of splice sites 
(within 100 bp) raising the possibihty that, in some cases, 
the position of the miRNA hairpin relative to the intron- 
exon architecture, along with the presence of intronic 
splicing regulatory elements, might determine the extent 
and type of interaction between the MPC and the 
spliceosome. 

The antagonistic effect between the MPC and the 
spliceosome might have important consequences for SO 
miRNAs embedded in coding transcripts, which repre- 
sent a significant proportion of SO miRNAs identified 
(Table 1). In these cases, the balance between cropping 
and splicing activities on the nascent transcript might 
determine how much miRNA is produced at the 
expense of the niRNA and therefore of protein synthesis. 
Thus, the coding or non-coding nature of the SO 
miRNA transcripts targeted by the MPC and the 
spliceosome might represent an additional level of regu- 
lation of gene expression. 

Interestingly, several SO miRNAs are associated to 
physio-pathological conditions. Patients with Parkinson 
disease or Huntington disease show altered levels of 
miR-34b (23,24); miR-638 has been correlated with 
lupus nephritis severity (53); impairment of miR-34b, 
miR-205 and miR-133a-2 in several types of cancer is a 
well-estabhshed phenomenon (30,35,39). In these cases, 
the analysis of the splicing pattern of the corresponding 
transcripts would unveil the unexpected contribution of 
splicing abnormalities that are at the base of the altered 
synthesis of miRNAs. 
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Figure 6. Silencing of Drosha and DGCR8 improves splicing efficiency, (a and b) Splicing pattern of pcDNA3pY7 2482 plasmid (see Figure 4) and 
pBRA miR-34b (see Figure 2c) after transfection of a control siRNA (siLuc) or silencing of Drosha and DGCR8, alone (siDrosha and siDGCR8) or 
together (siDro+DGC). Bands identity is indicated on the right. Numbers below the panel indicate the percentage of splicing (a) or exon inclusion 
(b) ± SD; western blot for Drosha, DGCR8 and tubulin is shown in the bottom panel (c) Quantitative RT-PCR of miR-34b derived from 
pcDNA3pY7 miR-34b and control endogenous miR-26b, normalized for the GAPDH gene. The abundance of miR-34b and miR-26b in non- 
treated cells (no siRNA) is set to 1. (d) RT-PCR analysis of pBRA T6 after transfection in HeLa cells and silencing of a control gene (siLuc) or 
silencing of Drosha and DGCR8 together (siDro+DGC). The percentage of exon inclusion ± SD is indicated below the panel. Western blot for 
Drosha, DGCR8 and tubulin is shown in the bottoin panel. 
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